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Review Questions

* Q1: actions in top-down parsing? S Ag
Expand on non-terminal, compare on terminal. gj E’D
* Q2: how to build the LL(1) parse table? B¢
D->d

Two sets: FIRST, FOLLOW DS .

* Q3: for the grammar, what is FIRST(A) and FOLLOW(B)?
FIRST(A) = {b, d, €}, FOLLOW(B) = {d, a}

* Q4: which one is typically used, LL(0), LL(1), LL(2) ...? Why
not others?
LL(1). LL(O) is too weak, LL(k) has a too large table.

* Q5: top-down vs. bottom-up parsing?
Top-down is based on leftmost derivation;
bottom-up is the reverse of rightmost derivation.
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Bottom-up Parsing[H &l L]

* Begins at leaves and works to the top[iH+ 2I#E]
— Bottom-up: reduces[/d%] input string to start symbol

- In the opposite direction from top-down
o Top-down: expands start symbol to input string

- In reverse order of rightmost derivation (In effect, builds tree
from left to right, just like top-down)

Parser

4
| I

Top-down parser Bottom-up parser

t
[ |
* More powerful than tOp down RD-backtrack Predictive

- Don’t need left factored grammars parser parser
— Can handle left recursion
— Can express a larger set of languages

— And just as efficient
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Bottom-up: Overview

* An important fact:
- Let apw be a step of a bottom-up parse
— Assume the next reductionis by X - 8
- Then w is a string of terminals]i.e., 7] ¥]

* Why? oXw - aBw is a step in a rightmost derivation

* Idea: split string into two substrings

- Right substring is as yet unexamined by parsing (a string of
terminals) [ M AR, ie., BAHES T O TS REIT]
— Left substring has terminals and non-terminals[ 7 {ll C. 7 f##r,
i.e., B A I T R 58 4 T
* The dividing point is marked by a #
— The # is not part of the string[{XfE N#r7R]
— Initially, all input is unexamined #x,X, . . . X, [5G F AT fRHT]
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Bottom-up: Shift-Reduce# \-154]

* Bottom-up parsing is also known as Shift-Reduce parsing
- Involves two types of operations: shift and reduce
- Recall: expand and compare operations for top-down parsing

 Shift[#£ \]: move # one place to the right
— Shifts a terminal to the left string[[a] A2 N &L S57F, T
ABC#ixyz = ABCxityz

* Reduce[/3%]: apply an inverse production at the right
end of the left string[ =l & i) A s AT A 4]
- |If E - Cx is a production, then
ABCx#yz = ABE#yz
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The Example

* Grammar
E->T+E|T
T = int*T | int | (E)
* String
int *int +int

Step Operation
#int * int + int Shift
int# * int +int Shift
int * #int + int Shift

int *int# +int

Reduce T = int

int *T#+int Reduce T = int*T
T#+int Shift
T+#int Shift
T+int# Reduce T - int
T+TH# ReduceE > T
T+E# Reduce E - T+E
E#
7 @ INE




Stack#]

e Left string can be stored into a stack sten
- I VAN
Top of the stack is the #[ %= 4 & (11 51 PR
int# * int + int
* Shift pushes a terminal on the stack int * #int + int
* Reduce does the following: int : int # + int
int*TH#+int
- pops zero or more symbols off of the stack |- """
o production rhs[popt 7 =42 7\ RHS] T#+int
— pushes a non-terminal on the stack T+#int
o production lhs[pushit 1 /=4 ZLLHS] T+int#
— just reverts production (LHS € RHS)[/=4: [T+ T#
sUBEIECREN T+E4
E #

@tuxt : g




Key Issue[—~ ek ] 7

e How to decide when to shift or reduce?

— Example grammar:

E > T+E |T #int * int + int

T int*T | int | (E) int# * int + int

Shift #int * int +int | Shift
Shift int# *int+int | Reduce T - int
int * #int + int | Shift T#H*int+int Shift

— Consider the step int # * int + int

— We could reduce by T = int giving T#*int + int
o A fatal mistake: no way to reduce to the start symbol E

* Intuition: want to reduce only if the result can still be
reduced to the start symbol[ % Zi7Exf () 5w ] 12

Dhge




The Example

* Grammar
E->T+E|T
T = int*T | int | (E)
* String
int *int +int

|

int + int

Step Operation
#int * int + int Shift
int# * int +int Shift
int * #int + int Shift

int *int# +int

Reduce T = int

/it *1;‘#+int Reduce T = int*T

4 . . Why not just -
Ji# +int . _)VT? : Shift
T+H#iInt (int* T => int * g)| Shift
T+int# Reduce T = int
T+TH ReduceE—>T
T+EH Reduce E - T+E
E #
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Handle[#)#H)

* A handle of a sentential form is a substring a such that:
- oo matches the RHS of a production A -> « ; and[gREVLE -]

- replacing o by the LHS A represents a step in the reverse of a
rightmost derivation of S[ H & i fiF 7]

e Definition: let afw be a sentential form where:

- a, B is a string of terminals and non-terminals (yet to be
derived)

- w is a string of terminals (already derived)

— Then B is a handle of afw if: S =* _ aXw = afw by a
rightmost/rm derivation (apply rule X—=>p)

[~ We only want to reduce at handles, and there is
exactly one handle per sentential form

— But where to find it?




Some Concepts[— L]

* A right-sentential form[&5 4 7)%!] is a sentential form that
occurs in the rightmost derivation of some sentence

* A phrase[/5iE] is a subsequence of a sentential form that
is eventually “reduced” to a single non-terminal

- B is a phrase of the right sentential form y iff S =>* __y = a;Aq,
=>+ o, faL,

- a string consisting of all of the leaves of the partial parse tree
that is rooted at one particular internal node of the whole parse
Elge%e[az]/\/j RV TEVE M AT — TR 45 SR R AT B AR g 1A A

VA =]
* A simple phrase[E %5 1E] is a phrase that is reduced in a
single step

— B is a simple phrase of the right sentential formy iff S=>* _y=
a,Aa, => a,fBa,

* The handle is the leftmost simple phrase[#x & B #561E]
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Handle: Example

* Grammar
E->T+E|T

T - int*T | int | (E)

* String

int * int + int

Step Operation
#int * int + int Shift
int# * int +int Shift
int * #int + int Shift

int *int# + int

Reduce T = int

int *T#+int Reduce T = int*T
TH#+int Shift
T+#int Shift
T+int# Reduce T - int
T+TH# ReduceE>T
T+EH# Reduce E - T+E
E#
13 D




Handle: Example

e Grammar Step Operation
E-> T+E|T #int * int + int Shift
T > int*T | int | (E) int# * int + int Shift
o Strlng int * #int + int Shift
ok : int * int # + int Reduce T - int
INt*Int+int . = e :
%\ [int * T # + int Reduce T = int*T
- )
/TN + E
int * T T
int

& A2 \‘ It I
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Handle: Example

e Grammar Step Operation
E-> T+E|T #int * int + int Shift
T > int*T | int | (E) int# * int + int Shift
o Strlng int * #int + int Shift
ok o int * int # + int Reduce T - int
INt |nt+|n’5’ D e :
/{Fl\ [int * T # + int Reduce T = int*T
-’ S
@ 7 7/ \@
\ +
ﬂ(ll\ ( E)
i
int * T v 1
int
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Handle: Example

* Grammar
E->T+E|T
T - int*T | int | (E)
* String
int * int + int~ ‘\®

-, S|
@ //{Fl\~®

7’

ﬂ”\)\ + | E)
Te

int * T v 1
@ @) int

Phrase: int * T + int, int * T, int%
Simple phrase: int * T, int
Handle: int * T

Step Operation
#int * int + int Shift
int# * int +int Shift
int * #int + int Shift

int *int# + int

Reduce T = int

Reduce T = int*T

13




One More Example

e Grammar /R
E—>E+T|T

T>T*F | F

F->(E) | id N l
: E@ + TO© F©
e Sentential form: 1 \
-T+T*F+id A
T T *F id
 Phrase:

Dhge



Handle Always Occurs at Stack Top

* Why can’t a handle occur on right side of #?[ANER A

— It can
- But handle will eventually be shifted in, placing it at top of stack

- Inint * #int + int = int * int # + int, int is eventually shifted to
the top (i.e., left to #)

* Why can’t a handle occur on left side of #, i.e., in middle
of the stack?[ AN fEFR ]
— Canint * + # int occur? NOPE.

- Means parser shifted when it could have reduced when the
handle was on top[ 4 T Z)£1F5 A ]

— If eagerly reduces when handle is at top of stack, never occurs

5= Makes life easier for parser (need only access top of

stack) int * #int + int Shift
int *int#+int Reduce T = int
int*TH#H+int Reduce T = int*T

»‘fn’ﬁ“ﬁ




Viable Prefix[i&#ig)

* In shift-reduce parsing, the stack contents are always a
viable prefix[J& A4/ 7] 58I 2% ]
— A prefix of some right-sentential form that ends no further

right than the end of the handle of that right-sentential form
o A viable prefix has a handle at its rightmost end

— Stack content is always a viable prefix, guaranteeing the shift /
reduce is on the right track[y% 545 Ui B #2128 13 20 & 1B 0 1]
o EX: —EATHIZ e — DA RBIETA, JF H e A
o 2z AT B B ) s A R A Y
- 28ff: S=>bBa=>bbAa , XHE A bA , LA AT AT ELFHE bA T
AHIZE (B b, bb, bbA ) , (HANEERZ bbAa (A Jyikid 1 AJHK)

. . . int * #int + int Shift
L=>T+int=>int*T+int
Handle:int * T int *int # + int Reduce T - int
Viable prefix: int, int *, int * T in_t *_TT# +_|rE - \I Reduce T = int*T
;I'# +int [ Shift

P\



Ambiguous Grammars[— X 3]

* Conflicts arise with ambiguous grammars
— Bottom up parsing predicts action w/ lookahead (just like LL)

- If there are multiple correct actions, parse table will have

conflicts
* Example:
— Consider the ambiguous grammarE > E*E | E+E | (E) | int
Sentential form Actions Sentential form Actions
int * int + int shift int * int + int shift
E*E#+ int reduce E—-E*E E*E #+ int shift
E # + int shift E*E+#int shift
E + #int shift E*E+int# reduce E — int
E+int# reduce E — int E*E+E# reduce E—= E+E
E+E# reduce E > E+E E*E# reduce E—-E*E
E# ) E# .
First x then + First + then x
Q) TaxE v

Dhge



Ambiguous Grammars (cont.)

* In the red step shown, can either shift + or reduce by E -
E*E
— Both okay since precedence of + and * not specified in grammar
- Same problem with associativity of + and *

* As usual, remove conflicts due to ambiguity ...

— 1. rewrite grammar/parser to encode precedence and
associativity[fg e L /e A 455 4]
o Rewriting grammar results in more convoluted grammars
o Parser tools have other means to encode precedence and association

- 2. get rid of remaining ambiguity (e.g. if-then-else)
o No choice but to modify grammar
* s ambiguity the only source of conflicts?
— Limitations in lookahead-based prediction can cause conflicts
— But these cases are very rare

“‘ : k )
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Properties of Bottom-up Parsing[/g 4]

* Handles always appear at the top of the stack
- Never in middle of stack
— Justifies use of stack in shift — reduce parsing

e Results in an easily generalized shift — reduce strategy
— If there is no handle at the top of the stack, shift[Joctj#§, #A]
— If there is a handle, reduce to the non-terminal[fF&J#5, HZ]
— Easy to automate the synthesis of the parser using a table

* Can have conflicts[{h 22 1] fE & 4E]
- If it is legal to either shift or reduce then there is a shift-reduce
conflict[#2 A\-JA3 %) 5]
- If there are two legal reductions, then there is a reduce-reduce
conflict[IHZ)- 142 h %]
— Most often occur because of ambiguous grammars

o In rare cases, because of non-ambiguous grammars not amenable to
parser

“‘ \‘ k )
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Types of Bottom-Up Parsers[3

* Types of bottom up parsers
— Simple precedence parsers|fij HLAL e AT 28]
— Operator precedence parsers[iz B 5L ST 28]
— Recursive ascent parsers[i#: IHHE T HT 53]
— LR family parsers[LRZEfFEHT 23]

* In this course, we will only discuss LR family parsers
— Efficient, table-driven shift-reduce parsers

- Most automated tools for bottom-up parsing generate LR family
— Categories: LR(0), LR(1), SLR, LALR, ...

“‘ : k )
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LR(k) Parser

* LR(k): member of LR family of parsers
- L: scan input from left to right
— R: construct a rightmost derivation in reverse

- k: number of input symbols of lookahead to make decisions
o k=0 or 1 are of particular interests, is assumed to be 1 when omitted

* Comparison with LL(k) parser[*}tt]
— Efficient as LL(k)

o Linear in time and space to length of input (same as LL(k))

— Convenient as LL(k)
o Can generate automatically from grammar — YACC, Bison

— More complex than LL(k)
o Harder to debug parser when grammar causes conflicting predictions
- More powerful than LL(k)

o Handles more grammars: no left recursion removal, left factoring
unneeded

o Handles more (and most practical) languages: LL(1) < LR(1)




LR Parser

input string
stack a, |a, a a |$
S X ” .
= - LR Parsing program
Sm-1 Xm1 gp g
Sm-2 Xm-2 A‘
Action GoTo Table
S; 11X
S, -

* The stack holds a sequence of states, sy5;...5, (S, is the top)
— States are to track where we are in a parse
— Each grammar symbol X: is associated with a state s,

* Contents of stack + input (X;X,...X..a....a,) is a right sentential
form

— If the input string is a member of the language
* Uses [S,,, a;] to index into parsing table to determine action

22 Dhig:




Parse Table[4#73)

* LR parsers use two tables: action table and goto table
— The two tables are usually combined
— Action table specifies entries for terminals
— Goto table specifies entries for non-terminals

e Action table[Z1E %]

— Action[s, a] tells the parser what to do when the state on top of
the stack is s and terminal a is the next input token

— Possible actions: shift, reduce, accept, error

* Goto table[Bk#% ]

- Gotols, X] indicates the new state to place on top of the stack
after a reduction of the non-terminal X while state s is on top of
the stack

“‘ : k )
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Possible Actions[m] g&zh1E]

* Shift

— Transfer the next input symbol onto the top of the stack

* Reduce
— |f there’s a rule A - w, and if the contents of stack are gw for
some g (g may be empty), then we can reduce the stack to gA
* Accept
— The special case of reduce: reducing the entire contents of stack

sfe

to the start symbol with no remaining input[Z2 4 I3 BT 1655 5]

— Last step in a successful parse: have recognized input as a valid
sentence[%i N\ B R M IR A 18R]

* Error

— Cannot reduce, and shifting would create a sequence on the
stack that cannot eventually be reduced to the start symbol

“‘ : k )
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